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In the western Grand Canyon, fluvial terraces and pediment
surfaces, both associated with a Pleistocene basalt flow, document
Quaternary aggradation and downcutting by the Colorado River,
illuminate the river’s response to overload and the end of overload,
and allow calibration of soil-carbonate stages and determination of
downcutting rates. Four downcutting—aggradation cycles are
present. Each begins with erosion of older deposits to form a new
river channel in which a characteristic suite of deposits is laid
down. The current cycle (1) started ~700 yr B.P. The oldest (IV)
includes the 603,000 + 8000 to 524,000 = 7000 yr Black Ledge
basalt flow, emplaced when the river channel was ~30 m higher
than it is now. The flow is overlain by basalt-cobble gravel and
basalt sand. Soils reach the stage V level of carbonate develop-
ment. Calibrated ages for soil stages are Stage V, ~525,000 yr;
stage 1V, <525,000 yr, =250,000 yr; stage IlIl, <250,000 yr,
=100,000 yr. The monolithologic basalt sand beds represent over-
loading by volcanic ash produced by an eruption 30-50 km up-
stream. The basalt—cobble beds signal breaching and rapid de-
struction of lava dams and erosion of flows. These deposits show
that the Colorado River responds to overload by aggrading vigor-
ously during the overload and then downcutting equally vigor-
ously when the overload ends. The overall downcutting rate for the
interval studied is 1.6 cm/1000 yr, much lower than rates up-
stream. The current downcutting rate, 11-14 m/1000 yr, likely is a
response both to the end of late Pleistocene and early Holocene

overload and to the reduction of sediment supply caused by Glen
Canyon Dam. © 2000 University of Washington.
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INTRODUCTION

Our work in the Granite Park area (Fig. 1) began in 1992
This area was chosen because it is one of the few places in
lower Grand Canyon that contains extensive Quaternary d
posits and surfaces of various ages, which locally are asso
ated with archeological remains. Also present are Quaterna
basalt flows that can be dated with precision by means
laser-fusion®™Ar—**Ar techniques, providing a means for cali-
brating the methods used for determining ages of Quaterna
features elsewhere in the Grand Canyon. Another aim was
investigate whether the fluvial and near-fluvial morphostratig
raphy developed in the eastern Grand Canyon is valid in tt
western Grand Canyon, where the fluvial system has be
disrupted repeatedly by Quaternary basalt flows cascading ir
the canyon from the area of Vulcan's Throne—Whitmore Car
yon (river miles 179 to 188,30 to 20 river miles upstream
from Granite Park). Finally, we were interested in determinini
whether the known volcanic events that influenced the river i

! Distances in the Grand Canyon are measured in miles along the river fro

Supplementary material for this article may be found on the journal hontiee gaging station at Lees Ferry, Arizona, which is the point of beginning fo

page (http://www.academicpress.com/qr).
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the lower Grand Canyon can shed light on the river’s responserresponds to about 850%m (30,000 cfs) and is marked in
to a changing balance between over- and underloading the field by the lowest bushes and small trees above the rivi
sediment. Preliminary results of the investigation were surthe surface of the river itself cannot be used as a datu
marized in Lucchittaet al., 1995a. because of its variability. Horizontal distances are not to scal
The Grand Canyon is the result of vigorous downcutting that All levels including and above level 3 (archeological unit;
started about 5 myr ago (Lucchitta, 1972, 1988, 1990). Te@pendix A’) were examined informally for development of
overall downcutting has been interrupted several times duriagil horizons in cleaned-up natural exposures. Only two form:
the Quaternary by episodes of aggradation, probably causedlegcriptions were done (Appendix B), owing to the limitec
climatically controlled overloading of the river with sedimentime in the area. These involved digging soil pits and the
(Machette and Rosholt, 1991; Lucchigaal., 1995b). describing, sampling, and analyzing the soils according f
Each episode of aggradation is marked by deposits astdndards of the National Cooperative Soil Survey (Soil Surve
surfaces that attest to the position of the floodplain at the esi@ff, Soil Conservation Service, 1993). Laboratory analyse
of aggradation. This position, or “level,” as used in this papefigr particle size distribution and percentages of carbonat
is identified by remnants of fluvial terraces or pediment sualuminum, and iron were carried out by Dr. Randy Southarc
faces graded to the terraces. University of California at Davis. Soils were classified accord
Each downcutting—aggradation couplet represents a cydhgg to Soil Taxonomy (Soil Survey Staff, 1994). Classificatior
the deposits and surfaces of which are entrenched into thosef$econdary carbonate development follows @tlal. (1981),
previous cycles. Downstream from the lava cascades in tmedified by Machette (1985).
Toroweap area, this orderly scheme is modified by the resultsSeven samples of the Black Ledge basalt flow were collecte
of volcanic events such as ash falls accompanying eruptidnsm various locations (Figs. 1, 3, 4, and $Ar—*°Ar plateau
and the emplacement of basalt flows, some of which coursagles were determined by whole-rock stepwise increment
down the canyon for many tens of kilometers. Other flowlaser heating and fusion carried out at the Berkeley Geochr
formed dams that impounded the Colorado River but wemmlogy Center. See Appendix C for procedures, analytical dat
eventually overtopped and rapidly eroded to the predam riveep-heating spectra, and isochrons.
grade.
The Granite Park area is well suited to studying the inter- RESULTS
action between rivers of lava and the river of water, because it
has a relatively simple and orderly stratigraphy that is prorfeeology and Geomorphology

ising for sorting out relations between volcanic products, sed—The Granite Park area contains Quaternary units expos
imentary deposits, and geomorphic features. These relationso\i)ér an 83-m interval that span more than 600,000 years

turn_, provide an opportuni_ty to understa_nd how rivers_functiqﬂne, as determined by radiometric ages and degree of s
during extreme overloading or very-high-energy dISCharg&evelopment. In the eastern Grand Canyon, this time span

The lava also provides a means for dating associated soils a0t esented by units exposed over a greater vertical inter
for determining downcutting rates. (Lucchittaet al., 1995b)

The most conspicuous Quaternary geologic unit in the Gral
METHODS ite Park area is a basalt composed of several intracanyon fl

. _ . . o units whose exposed and preserved thickness is as great
Five profiles of the geologic section span the river mterv:i)’d0 m. Mostly, the flows are separated by little or no sedimen

between Miles 207.3 and 208.8. These profiles are Situa’i?\dplaces, however, as much as 3.5 m of gravel and debris

where the Quaternary deposits are thickest and best expoggiheqded with the upper flows. The thickest flow units hav

(Fig. 1). Geologic units and their relationships were describeg'well-developed coarse columnar structure. These are t

as were the soils developed on the units. The elevationsofi,ast traveled of the intracanyon lavas and collectively a

contacts and locations of soil descriptions were determined Qéfuivalent to the “Black Ledge flow” of Hamblin (1994), who

means of a total station situated at two instrument stations (Ff%ated them as a single flow.

1). Selected units were sampled for soil analyses, paleomag-l-he seven samples analyzed document an ages6#,000

netism, and radiometric age determinations. _yr for the main part of the Black Ledge flow anre524,000 yr
Results from the field determinations are plotted on fivg, e thin flow within sediment overlying the main part (Fig.

cross sections (Figs. 2—6), which are drafted to scale in ¢ ® Both were mapped as the Black Ledge flow by Hambli
vertical direction using the total-station data. The vertical scaﬂ 994), who reports an age (obtained by P. Damon) «

gives accurate figures for the elevation of important geolog\,t)gl9 000+ 32,000 yr. The level from which the sample was
contacts above the high-water line (HWL), which is areference =~ '

d_atum rgpresentlng the_ highest Iev_el generally reached by the jsgs gage data are in cubic feet/second (cfs)? =85 cfs.
river during the fluctuating-flow regimen that was in force for = appendixes A, B, and C are available as supplementary material on t
many years after construction of Glen Canyon Dam. The HWburnal home page.
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FIG.1. Map of the Granite Park area showing cross section lines, instrument stations, and sample locdfifies*fér ages. River level in area of sections
is at approximately 425 m altitude. Shaded area denotes the present channel of the Colorado River. In inset map, asterisk denotes the sourtieeof |z
Vulcan’s Throne—Whitmore Wash area; triangles denote areas studied in the eastern Grand Canyon. P, Palisades—Comanche; N, Nankoweap; R, Lee
Rainbow Plateau.

obtained is not specified. Dalrymple and Hamblin (1998) sarof the volcanic units is present upstream from Vulcan’
pled the flow but did not date it because of excessive glassTihrone.
the samples. Sloping planation surfaces (pediments) at various levels a
Other notable units include: (1) river gravel that forms steggesent throughout the area (Figs. 2—6). Some toe downslope i
bluffs near the river; (2) coarse black sand composed predoriver gravel or basalt. Their “level” is defined by elevation above
inantly or exclusively of generally cross bedded basaltic adhge river and relation to other surfaces. Many surfaces displ:
and (3) basalt—cobble gravel, commonly well rounded, thearbonate-enriched soils whose degree of enrichment increa
includes scarce 1%) clasts of Paleozoic rocks, quartzwith topographic elevation and the level of the surface.
quartzite, igneous rocks, and other lithologies typical of Col- The Granite Park section includes nonvolcanic Quaterna
orado River gravels. The basalt—cobble gravel, as a ur#atures present along the river upstream from Vulcan
mostly overlies the basalt sand. However, the gravel unitdirone. Notable are various river terraces, the fine to very fir
commonly include some sand and the sand units some cobbgesd of the archeological unit, debris-flow terraces along maj
Basaltic gravel and sand are variously present directly abowashes, and deposits and terraces associated with the
the basalt flows, between flows, and inset into the flows. Nonecent downcutting by the Colorado River.
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EXPLANATION
D Quartz river sand .
"Normal*® river grave! CYCLE Il
Basalt-cobble river gravel :
i
Angutar colluvium and talus or pediment deposits
@ Incorporated archeological material
[ ] Paleomagnetic sample or soil description locality Level 5 §
LOOKING DOWNSTREAM
HWL-fop of 'archeological unit__ 7.8 m Level 4, Stage I}
-top of exposed channel fill 21.3 m carbonate soit
river gravel,
5.0m minor basalt
CYCLE | CYCLE Il E £ "'4 basalt-cobble gravet /
: basalt sand with mixed pebbles /
a5m/ 7 tanriver sand, /
3 . pink zone at base /
‘archeological unit' 1.8; N /
i1 .
T @ RS /> < non-volcanic A:l:l:]:
AR = river gravel
o o
S e chafg}lnel /
. Mesquite line—pre-dam L
high-water line, / Muav Limestone
90,000-125,000 cfs / bedrock 10m
HwWL— Thin veneers of post- HWlL=fluctuating -flow m
archeological unit high water line= /
Modern river gravel and sand in subdued ~30,000 cfs

multiple terraces

Total length ~ 250 m

Horizontal scale varies

Y

FIG. 2. Profile A, Granite Park, river right, River Mile 208.8. Here and in all other sections, vertical gray bars separate cycles, and horizontal blac
denote boundaries of intervals (shown in meters). ¥@-m-thick archeological unit (Lucchitet al.,1995b) contains abundant archeological material (througl|
Pueblo 11) in the upper part, which also has charcoal layers, many of which contain cultigen pollen, attesting to farming by prehistoric peoipie ¢Latch
1995b; S. Davigt al., unpublished data). Deposition began befer®100 yr B.P. (Lucchitta and Leopold, 1999) and perhaps as muehl8s500 yr B.P. on
regional grounds (Lucchittat al., 1995b, and unpublished data). Herefetdal. (1993) report an Archaic hearth-@000 yr B.P.) in the deposit at River Mile
69. Deposition ended-1250 A.D. because Pueblo Il artifacts and sites (Faidewl., 1994) occur both in the upper part and on top of the unit. Modert
downcutting amounts t6-10 m. The “mesquite line” is the lower limit for large and abundant mesquite trees and corresponds to the common pre-Glen C
Dam flood discharges in the 2500—400&/$n(90,000—140,000 cfs) range. Strandlines and minor terraces below the line mark postdam floods.

Sections A—E, measured in the Granite Park area (Fig. Bpils
depict these features and contain the record from which river
processes can be reconstructed. The most conspicuous of theS®ils on the frequently to occasionally flooded surfaces ne
processes are downcutting—aggradation cycles, of which fdlie river (Cycle 1) are Entisols, showing little or no pedogen
principal ones are recorded. Cycle IV is the oldest. Each cy@gis. Stage | soils on the archeological unit (Cycle II) are dee
begins with excavation of older deposits, forming a new rivéind sandy textured, with stratified charcoal layers and asso
channel lower than preexisting ones. The channel is then fillaged pollen from cultigen taxa.
with a characteristic sequence of aggradational deposits. Thétage Il soils (Machette, 1985; Git al., 1981) are devel-
cycle ends when deposition stops. As downcutting resum@ged on pediment level 4 (Cycle Ill) and were examine
initiating the next cycle, the deposits are eroded, in most caggglitatively. These soils have secondary calcium carbonate
quickly. If downcutting halts at some level, sloping erosiothin coatings lining the underside of pebbles and cobbles and
surfaces graded to that level are formed in favorable placggmmon small- to medium-size concretions within a model
along the sides of the river valley. Several such surfaces,asely developed K horizon at shallow depth (5-15 cm).
different levels, may be formed as downcutting progresses.Stage |l carbonate is developed on pediment level 5 (di
These surfaces belong to the next (younger) cycle, evensifription and data in Appendix B).
shown within the field of an older cycle in the profiles (Figs. A stage IV (Machette, 1985) petrocalcic horizon with platy
2-6). structure is present on pediment level 6 (inset, section E, Fi
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EXPLANATION
(T sasatt fow CYCLE IV
:] Quartz river sand
X Pediment, Stage V carbonate
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FIG. 3. Profile B, Granite Park, river right, River Mile 208.7. Area between gray bars delimiting Cycles Il and IV is underlain by colluvium over bedr
no alluvial cycle here.

6). No good natural exposures were found, and time constraints DISCUSSION AND INTERPRETATIONS
precluded hand excavation in these calcretes.
A calcrete that displays the calcium carbonate distributid@€0l0gy and Geomorphology

and features of Stage V (Machette, 198@)as observed at  The Quaternary record in the Granite Park area consists
pediment level 7 in section D (Fig. 5) and is well exposed a@yr fluvial cycles. Cycle | is the modern river channel and its
that level in cross section B (Fig. 3), where it was examined f{) of gravel and sand, which record modern activities of the
detail at an escarpment exposure along a drainage swale (@grorado River, including features produced by large pre-Gle
scription and data in Appendix B). The calcrete was N@tanyon Dam floods.
slabbed to detect pisolites, but these are presumed to be preseplring Cycle 11, the channel was filled by more than 10 nr
in view of the thickness, platiness, and secondary calCiupf fine and very fine sand of the archeological unit, derive:
carbonate content of the calcrete layer. The calcrete is expo%”y from the Colorado Plateau (Lucchitt al., 1995b;
over 3-5% of the surface, indicating accelerated erosion |iycchitta and Leopold, 1999). The overload by locally deriver
comparison to that on younger pediments. material excluded coarser, far-traveled material from the rive
* Using the classification of Machette (1985, Table 1), in which Stage -\I/—r_"S IS thef mo_st re‘?e”t major _aggradatlon by_ th_e C0|0_rad
requires>50% carbonate content in high-gravel soils, a thickness of 1-2 m fB}Ver and its tributaries. Extensive human habitation (Fairle
the carbonate layer, strong platy to tabular structure, and laminae thicker ti@inal., 1994) and agriculture (Lucchittet al., 1995b; Daviset
1 cm. Pisolithic structures may or may not be present. On the other hagd, 1994) took place in the Grand Canyon during this cycle.
Hardenet al. (1985, Table 2) consider incipient development of pisolithic THa beginning of Cycle Ill was marked by cutting of the

structures characteristic of Stage V. Pisolithic structures were not observed.in

our limited examination, but this does not prove their absence. The soil of levdY S channel into the basalt and deposits of Cycle IV to a

7 is either a very advanced Stage IV or an early Stage V. In our opinion, tHeknown level below the present grade of the river. At leas
data are more in keeping with a Stage V. 24 m of river gravel that contains only a small percentage c
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EXPLANATION
CYCLE IV
ﬂ]:[ﬂm Basalt flow Pediment material, mostly angutar
X clasts of Muav Limestone and Devonian
Basalt-ash river sand ("black sand") limestone, with Stage V carbonate soil
Basalt-cobble river gravel Bou|der-c05ble deposit, mostly - Muav Limestone
angular to subangular, 5-10% basalt,
Black sand and basalt-cobble gravel probably from Shivwitz lavas, scarce 13m 1gravel and
rounded river cobbles, bulk of unit € > * black sand/
M ‘Normal' river gravel composed §°f Pateozoic rocks " At basalt-cobble /
APon iy f b gravel /
A « Angular colluvium and talus or pediment deposits Po_1Tm - * black sand
' ' e 59m 1
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o = of Paleozoic limestones and Shivwitz(?) lavas GC-24-93 i @ | | /

® Ar-Ar age sample locality 34m 1[ K2, 0y intrabasaltic grave! /

— — — Inferred features | channel fill
LOOKING DOWNSTREAM columnar basalt y bedrock
14.7m /
Ve

HWL-top of basalt flows 59.3m LI Ve

-top of exposed channel fill 74.0 m v 0 ;J‘ river gravel _

40N o
00 -~
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E ’ — - 10m
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_______ Bright Angel Shale
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=~30,000 cfs
Total length ~ 300 m

Horizontal scale varies

FIG. 4. Profile C, Granite Park, river right, River Mile 208.2. Area between gray bars delimiting Cycles | and 1V is underlain by bedrock; no alluvial ¢
here. Angular cobbles and boulders above the basalt are of Paleozoic rocks and subordinate basalt similar to that of the Shivwits Plateau toctttattaest (
1975). Rounded cobbles are scarce. Deposit probably is a debris flow issuing from an upstream canyon heading in the Shivwits Plateau.

basalt clasts (sections A, D, and E) was deposited in thisat produced the black sand within it definitely predat
channel, indicating a general absence of volcanic activity up90,000 yr and possibly predate 250,000 yr.

stream during the time interval represented by accumulation ofCycle IV began with carving of a channel into Vishnu anc
the gravel. However, section A (Fig. 2) contains units nddright Angel/Muav bedrock down te-30 m above the present
present elsewhere, including3 m of basaltic sand and gravel,high-water line (Figs. 5 and 6). Several units of the Blacl
whose monolithologic character is not consonant with normaédge basalt flow were emplaced in the channébD0,000 yr
fluvial transport. These deposits may be evidence for a pradgo (Table 1), displacing the river. The flows, which were
ably minor volcanic event that took place upstream after emmore than 135 km long (Hamblin, 1994) and extended 54 ki
placement of the Black Ledge basalt flow. Such events drelow the Granite Park area, filled the channel with more the
known to have occurred in the Vulcan’s Throne—Whitmor80 m of basalt (Fig. 5). The last of these flows was emplace
Canyon area (Hamblin, 1994; G. H. Billingsley, personal com~525,000 yr ago. At that time, the channel contained a thi
munication, 1998). A more vigorous post-Black Ledge volcareneer of basaltic debris overlying the little-eroded surface ¢
nic event is represented by the black ash and basalt—cohtbie 600,000-yr flows. Evidently, the river, which was flowing
gravel that overlie the nonvolcanic gravel in sections D and @& top of a thick and resistant layer of basalt fet35 km, was
(Figs. 5 and 6) and attain a preserved thickness of more thamable to cut through this basalt in the 75,000 yr separatir
11 m. These units are truncated by a level 4 and a levelelplacement of the two flow sequences. A reasonable inte
surface, with Stage Il and Stage Ill carbonate soils, respguetation is that the river cut through the older flow by mean
tively. In the eastern Grand Canyon, Stage Il carbonate hafsfalls that retreated upriver but had not reached the Grani
exposure ages clustering around 80,000 yr (Table 2; CatfedPark area by the time the younger flow was emplaced. The
al., 1994; Lucchittaet al., 1995b). Weak Stage Il carbonatefalls represented the local base level for the upstream part
soil yields exposure ages clustering arountl00,000 yr, and the river. Aggradation continued during and after emplaceme
advanced Stage lll carbonate has exposure ages as higlofathe younger flow, with accumulation of at least 27 m of
~250,000 yr (Table 2 and Lucchit&t al., 1995b). The con- basalt—cobble gravel and basalt—ash sand (Fig. 6) and minin
clusion is that carving of the Cycle Ill channel and the erupticadmixture of normal river-channel material. The absence «
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EXPLANATION
CYCLEIV (I asat fow
\ Quartz river sand
)
% S Basalt-ash river sand (*black sand"}

Ea *Normal* river gravel
Basaft-cobbie river gravel
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H “lml ||{Imlm‘m‘l|m” @ GC-26b-93 L Paleomagnetic sample or soil description locality
O] Ar-Ar sample locality
(\l columnar basalt flows, 17.4m
atleast3 e = |rfarred features
g \ @ Gee93 [ mmemmee Projected features from neatby exposures

LOOKING DOWNSTREAM
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bedrack \ >

!
ii

HWL-top of 'striped unit'~10 m|
-top of basalt ~60m
-top of channel fill ~83 m

m
Level 4 pediment

: b
‘black sand’

non-volcanic’
\ river gravel

\ HWL=Fluctuating-fiow
high-water line
=~30,000 cfs
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post-archeological

Total length ~ 555 m unit deposits
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FIG.5. Profile D, Granite Park, river left, River Mile 207.5. This is the most complete sequence of Quaternary deposits in the Granite Park area. The
between Bright Angel Shale and Muav Limestone is projected into the line of section from a nearby gully. The location of the Cycle Il channel etige is
constrained.

such material indicates unusual and probably catastroplgcles | and Il match the stages developed on similar surfac
events upstream, which resulted in major accumulation iof the eastern Grand Canyon. In contrast, the more advanc
volcanic products within the river system while essentiallgtages are developed on surfaces much closer to the pres
excluding both the material that normally transits down théver grade in the Granite Park area than in the eastern Gra
river channel and that introduced into the channel by tributaGanyon or at Lees Ferry. For example, Stage Ill so#25 m
drainages. Such an exclusion is not easily achieved, especialyyve HWL at Granite Park (Fig. 6), bet100 to~250 m in
over a substantial time. This makes it likely that the basalie upstream areas (Table 2). Similarly, Stage V soil is @
gravel and sand were deposited quickly and just after emplagg-and=205 m elevations, respectively. These data show th
ment of the 525,000-yr basalt flow. Downcutting resumed aftgbwncutting rates over the last 500,000—600,000 yr in th
these events. Eventually, river grade again stabilized on top®fanite Park area were 0.0001 m/yr, versus 0.0004 m/yr u
the 600,000-yr basalt flow, allowing formation of level 7 andtream.

level 6 pediments that truncate the basalt—cobble gravel andost soils in the Grand Canyon did not form on deposits thz
black sand and are graded to, or near to, the top of the basalh be dated directly. Ages of soil-carbonate stages have be
(Figs. 5-7). These surfaces have Stage V and IV carbongfhroximated by°Be and Al cosmogenic-radionuclide ex-

soils, respectively. posure geochronology for terraces and planation surfaces
The time span for Cycle IV extends from600,000 yr to \hich the soils have formed. The Granite Park area provide
=525,000 yr ago. calibration of older soil-carbonate stages through association

stages IV and V with the precisely dated Black Ledge base

flows. Together with extensive geomorphic mapping, man
Soils in the Granite Park area range from carbonate stagexposure-age determinations, and about 34 formal soil descr

through V. Soil stages developed at Granite Park on surfacegiofis (Lucchittaet al., 1995b; M. W. Caffee, S. W. Dauvis,

Soils and Calibration of Soil-Carbonate Stages
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CYCLE IV
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FIG. 6.
nearby exposures.

high-water line Y7

=-30.000 cfs N\ Modem river

Profile E, Granite Park, river left, River Mile 207.3. The bedrock fault, level 6 pediment, and underlying basalt—cobble gravel are projectec

M. E. Davis, and I. Lucchitta, unpublished data), this estaldw, and summer temperatures are above 38°C throughout t
lishes a framework for soil-carbonate ages that should be vafidand Canyon. The framework also utilizes data from th
throughout the Grand Canyon, provided that differences Rainbow Plateau of Utah, at about 1400 m, where juniper ar
climate do not greatly affect the rate of soil-forming processeginyon trees indicate greater precipitation and cooler climats
Lees Ferry is at an altitude of 950 m, the Palisades—Unkar aregxposure-age data for the eastern Grand Canyon are su

at about 829 m, and Granite Park at about 470 m. Rainfalldgarized in Table 2. A few stage IV carbonate soils have bee

TABLE 1
“Ar-*Ar Stepwise Laser-Fusion Ages of Black
Ledge Basalt Flow

Age, yr

BGC® sample number (plateau,*=10)

GC-22-93 585,000 14,000
GC-24-93 609,006 6000
GC-22-93 and GC-24-93, weighted average 603,8008000
GC-26-93 604,000 8000
GC-26b-93 607,006 9000
GC-26-93 and GC-26b-93 weighted average 605,6008000
GC-29-93 525,000 13,000
GC-34-93 559,006 9000
GC-35-93 500,00&= 7000

GC-29-93, GC-34-93 and GC-35-93 weighted average 524000000

@ Berkeley Geochronology Center.

described, but are not well dated. However, pediment surfac
with stage IV carbonate soils in the Rainbow Plateau, ne:
Lake Powell, have yielded exposure age250,000 yr (Finkel
et al., 1994). This fits in well with the overall carbonate-stage
chronology for the Grand Canyon region, so we infer thg
Stage IV carbonate soils on level 6 in the Granite Park area &
of a similar age. In any case, their relation to the Black Ledg
basalt flow sequence provides a local constraint on age.
Figure 7 shows the relation of soil carbonate stages V, I\
Ill, and Il to the 600,000- and 525,000-yr-old basalts. The
Stage V carbonate clearly postdates emplacement of both; t
question is by how much. The 525,000-yr basalt is thin an
within the black sand and basalt—cobble gravel directly abo
the main Black Ledge flows. Had there been a significant tim
interval between emplacement of the flow and sediment, ol
would expect erosion of the basalt and normal, polymict rive
sediments above the flow. In their absence, we infer that t
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TABLE 2
Terrace Levels and Ages, Lees Ferry and Eastern Grand Canyon

Elevation above present grade (m) Age (10 yr B.P.Y Paleofloodplain level? Soil stage
10° >5100 B.P.-1250 A.DJ. v I
>7° 26
<32 60 I
~25° 80 4 Il
40-45 100 I Advanced II-lIl
~70° 206 Probably
96° =213 I Advanced Il
120 ~25C I Advanced Il
>205* =525 v Eroded V

Note.Data from Lucchitteet al. (1995b), Caffeet al. (1994), and Lucchitta and Leopold (1999) and from unpublished material by Caffee, Davis, Finkel,
Lucchitta.

@ Obtained by hand-assembling elevations and ages of discontinuous terrace remnants into groups.

® Each age reported is average of several determinations. Except as noted, #l arel '’Be exposure ages run simultaneously for each sample. Resu
are not used when Al and Be ages for the same sample differ by more than 20%. Samples were collected from top of boulders on surfaces, so ages «
ages. Determinations carried out by M. Caffee and R. Finkel, Center for Accelerator Mass Spectrometry, Lawrence Livermore Radiation Laboratory.

¢ Terraces of Colorado River. Terraces not so marked are on tributaries.

4 Lower limit based ort“C determinations by R. Finkel, as above. Base of unit considerably older beeduseof deposits underlie lowest dated horizon.
Upper limit based on presence of Pueblo Il artifacts at top of unit and absence of Pueblo Il material.

¢ Minimum value because top of terrace is eroded.

"Maximum value because it was determined on the lowest edge of the truncated sloping plantation surface that formerly extended farther
paleofloodplain level.

9 1%Be only.

"Based on the presence of eroded Stage V carbonate soil, dated in western Grand Carfy25,@00 yr (this paper).

upper flow, the basalt—cobble gravel, and the black sand rdglack sand, which were rapidly cleared from the river channe
resent near-simultaneous, and probably catastrophic, eventsAAimilarly high rate is illustrated by the 10 m of downcutting
first, the river was overloaded and forced to aggrade rapidbnd the widespread removal of the archeological unit in th
Once the events related to volcanism were over, the river wag50 yr since the end of deposition. The level 7 pediment ar
no longer overloaded and began downcutting energeticallydesociated Stage V carbonate soil are graded to the top of |
reestablish its old grade. The rate presumably was high in th&in flow sequence and represent the time when the river h
just-deposited and unconsolidated basalt—cobble gravel aggained this level after the disturbance represented by t
younger flow and associated sediments. If, as we argue, t
time represented by this disturbance was geologically short, tl
Stage V carbonate soil can be taken to be of the same age as
youngest basalt flow—525,000 yr. In contrast, the main flow
were hard to cut through because of their toughness, thickne
and length, so the river probably was stuck on top of this bass
for a considerable time, as shown by level 6, which has a Sta
IV carbonate yet is graded to a level not much below that c
level 7.

Once the basalt was sliced through, the river continue
downcutting during Cycle lll, forming a new channel in bed-
rock below the basalt, then depositing the nonvolcanic grav
and the overlying basalt—cobble gravel and black sand, whi
reflect a post-Black Ledge volcanic event upstream. The:
were truncated by the level 5 surface, which has a Stage |
carbonate. Since the Black Ledge basalt has a minimum age
525,000 yr, and stage Ill carbonate soils have cosmogenic ac
in the range of 100,000 to 250,000 yr (Table 2), the tim¢

FIG. 7. Relations between soil-carbonate stages and Black Ledge bas@Presented by cutting through the basalt and the subsequ
flows. Lithologic symbols are as in profiles. backfilling and pedimentation during Cycle Il is measured ir
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hundreds of thousands of years, much greater than the tieretrom, 1960; Kuenzt al., 1979; Vessel and Davies, 1981;
taken to cut down through the Cycle IV gravel and sand to tt&mith, 1991; Inbaet al., 1994). This is likely to be a very fast
top of the basalt. process, especially when debris flows are involved in bringin
In summary, basalt ages in Granite Park and exposure agekanic ash to a drainage, when meters of ash can be dep
in the Grand Canyon yield the following framework for soiited in a matter of days, weeks, or months. Debris flows al
ages in the Granite Park area: common in the Grand Canyon, whether in the geologic recol
(Lucchittaet al.,1995b) or as present-day processes (Wetbb
al., 1989). As the ash blanket becomes depleted or stabiliz
by vegetation, aggradation of streams slows down or stops. T
black sand deposits in Granite Park are likely to be the reco
of such events, especially direct ashfall and erosion of a:
blankets. If mudflows made a significant contribution of ma
terial to the system, the Colorado River winnowed the fini
Whereas Cycles | (modern river), 1l (archeological unit), anfilaction and transported it beyond the Granite Park area.
Il (nonvolcanic gravel) correspond to similar cycles well Another way to overload the river is represented by thi
expressed elsewhere in the Grand Canyon, especially in tasalt—cobble gravel, a high-energy deposit. We believe th
Palisades—Unkar area, Miles 65 to 73 (Lucchdttal.,1995b), the gravel in part represents erosion of thermally shocked al
Cycle IV, and the volcanic material in Cycle Il attest tdractured basalt flows, but mostly the overtopping of basa
profound local changes in the river’s activity resulting directldams and consequent vigorous erosion of the basalt, proba
or indirectly from volcanism in the Vulcan’s Throne-by plunge-pool action and headward erosion, as proposed
Whitmore Wash area upstream from Granite Park. The ma$amblin (1994). This erosion would cut and scour the basalt |
significant aspect of the volcanism was the repeated cascadimgarea of the dam, but the products of erosion would overlo:
of lavas into the Grand Canyon. Each of the major cascadie river downstream from the dam, resulting in rapid depos
produced dams that ponded the river, which in turn resultedtion of coarse material.
deposition of lacustrine beds upstream from the dams (Ham4n summary, we infer that the black sand deposits sign
blin, 1994) and significantly affected sedimentation dowreruptions, whereas basalt—cobble gravel deposits signal t
stream. The Granite Park sections help decipher these pioeaching of lava dams following eruptions. Under ideal cor
cesses. ditions, black sand should therefore underlie basalt—cobb
The monolithologic basalt—cobble gravel and basaltic sagdavel if they both result from a single eruption. This indeed i
that overlie and are inset into the basalt of Cycle IV and atke case in three of our sections, but in other cases relations
interbedded with the nonvolcanic gravel of Cycle Il offer dess simple; these deposits may represent multiple and ne
unigque problem in interpretation. A mechanism must be foursimultaneous eruptions, so that gravel resulting from breachil
that allows deposition of volcanic debris while overwhelmingf a dam produced from one volcanic eruption could be inte
the material that normally forms the channel fill of the Colomixed with black sand resulting from another eruption.
rado River and is brought in axially by the river and laterally The basalt—cobble gravel and basalt sand represent valua
by tributaries. observational evidence of how the Colorado River responds
The only realistic way to exclude the normal material is tohanges in its load: vigorous aggradation as long as a temg
temporarily overload the river with locally derived volcaniaary overload exists and equally vigorous downcutting once tt
material, either during an eruption or later through the breactwerload ends. The important point here is that vigorous dow!
ing of lava dams. The overload would cause the river to buikitting can be triggered merely by the end of an overload rath
up its grade, trapping nonvolcanic material at the upstream ethdn by underloading relative to some initial conditions. In the
of the aggraded area in both the main river and the tributariesise of Cycle 1V in the Granite Park area, the aggradation al
We propose that overloading of the Colorado River occurrebwncutting amounted to at least 27 m (Fig. 6). There is n
during eruptions with direct fall of ash into the river, remobidirect way to determine the rate at which the downcutting too
lization of ash that blanketed nearby terrain, and perhapkce. The overall rate from the time when the Black Ledg
basaltic debris produced by quenching and thermal shatterlvagsalt flow was emplaced to today is 1.6 cm/1000 yr, but tf
of flows in contact with river water. Many vents in the Vul-actual rate at which downcutting took place is much greats
can’s Throne—-Whitmore Wash area are cinder cones (Hambli@cause this time interval includes several periods of aggrac
1994), whose dominant activity is venting tephra, the findion, incision, and stasis. An estimate for the rate of downcu
fraction of which forms an ash blanket of considerable aretahg through the unconsolidated basaltic gravel and ash
extent and volume (Macdonald, 1972). The blanket, unconsplkovided by the archeological unit, which has been incised 8
idated and not stabilized by vegetation, soon finds its way int® m in approximately 700 yr, a rate of 1140 to 1430 cm/100
drainage systems, which are then overloaded and becoyneConversely, the genesis of the archeological unit is clarifie
aggrading braided streams while the supply of ash lasts (Seg-the temporary overload and resulting aggradation well e

Stage V carbonate-525,000 yr

Stage IV carbonate<525,000 yr,=250,000 yr

Stage 1l carbonate<525,000 yr,<<250,000 yr,=100,000 yr
Stage Il carbonate=100,000 yr,~80,000 yr.

Processes
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